Exogenous cortisol raises blood pressure (BP) in humans and there is accumulating evidence of abnormalities of glucocorticoid activity in essential hypertension. In this study we tested the hypothesis that exogenous cortisol attenuates the cholinergic dilator response in the forearm circulation. Fourteen healthy normotensive men were studied. Using bilateral forearm venous plethysmography, we examined forearm blood flow responses to intra-arterial acetylcholine (ACh) and sodium nitroprusside (SNP) pre-and post-N Gmonomethyl-L-arginine (LNMMA) after 2 or 5 days of oral cortisol or placebo in a randomized, double-blind crossover study.
H ypertension is a recognized complication of endogenous or exogenous cortisol excess. In healthy human subjects, oral cortisol administration reproducibly increases blood pressure (BP) within 24 h. 1 Changes in cortisol secretion or metabolism contribute to the pathogenesis of a number of rare forms of hypertension including Cushing's syndrome, 2,3 the syndrome of apparent mineralocorticoid excess, 4 and liquorice abuse. 5 Cortisol has also been implicated in the hypertension of chronic renal failure 6 and in some subjects with essential hypertension. 7, 8 The mechanism of cortisol-induced hypertension is not known. The hypertension is amplified by-but not dependent on-sodium intake 9 and is not prevented by blockade of mineralocorticoid receptors by spironolactone. 1 Sympathetic nervous system activity is unchanged or reduced 10, 11 and the renin-angiotensin system is suppressed by cortisol. 12 Vascular responsiveness to phenylephrine 13 and angiotensin II 14 is enhanced but this may simply reflect a compensatory response to suppression of the sympathetic nervous system.
In the model of adrenocorticotrophin (ACTH)-induced hypertension in the rat, we have recently demonstrated that dietary supplementation with l-arginine but not d-arginine prevents the onset of hypertension. 15 This suggests a role for the nitric oxide (NO) system in ACTH-induced hypertension and, by extension, in cortisol-induced hypertension. To examine the relevance of the NO system to cortisol-induced hypertension in humans, we measured the vasodilator responses to intra-arterial ACh in the forearm vascular bed in subjects treated with oral cortisol for 2 or 5 days.
METHODS

Subjects
Fourteen healthy normotensive male volunteers without contraindications to corticosteroid therapy were studied. Healthy volunteers were enrolled to minimize confounding variables such as vascular and metabolic disease, as may occur in conditions of chronic endogenous glucocorticoid excess, such as Cushing's disease. Smokers were included in the 2-day but not in the 5-day study. Each subject gave written informed consent and the studies were approved by the Lothian Research Ethics Committee (2-day study) or the Committee on Experimental Procedures Involving Human Subjects of the University of New South Wales and the South Eastern Sydney Area Health Service Ethics Committee (5-day study) and conformed to the guidelines for conduct of human experimentation of the National Health and Medical Research Council of Australia.
Study Design
The experiments were two-phase, randomized, placebo-controlled, double-blind crossover studies comparing placebo with cortisol (hydrocortisone acetate, Alphapharm, Sydney, Australia or Merck, Sharp and Dohme, Hoddesdon, United Kingdom) 20 mg 6 hourly by mouth for 2 days (n ϭ 6) or 5 days (n ϭ 8). At the end of each treatment phase (ie, placebo or hydrocortisone), forearm blood flow measurements were performed as described later. Treatment phases were separated by washout periods of at least 2 weeks (2-day study) or 5 weeks (5-day study).
The 2-day study was performed initially, the results of which were suggestive (but not conclusive) of a suppressive effect of cortisol on cholinergic vasodilatation. Subsequently, a more detailed 5-day study was undertaken in a different population of nonsmoking individuals.
Two-Day Study
This study was performed in Edinburgh. Subjects received the blinded treatment in four divided doses daily for 2 days, then reported for measurements of forearm blood flow. Subjects abstained from nonsteroidal anti-inflammatory agents and other proprietary drugs for the duration of the study and avoided caffeine and tobacco for 12 h before the study.
Five-Day Study
This study was performed in Sydney. Subjects were asked to maintain a fixed sodium diet (150 mmol/day) from 2 days before and for the duration of the study, to abstain from alcohol, and to consume no more than two caffeine-containing beverages daily during each phase of the study. Subjects reported to the test area at 7:00 -8:00 am daily on each of 3 control days, 5 treatment days, and 3 post-treatment observation days. After 30 min of supine recumbency in a quiet room (temperature 23-24°C), BP and pulse rate were measured, then repeated after 5 min standing. All BP measurements were performed on the same arm, using a Hawksley random-zero sphygmomanometer (Hawksley and Sons Ltd., Lancing, England) by the same observer. The mean of three measures of pulse and BP was recorded in each position. A right antecubital vein was cannulated every second day with subjects recumbent and blood was collected for measurement of electrolytes, urea and creatinine, albumin, glucose, calcium, phosphate, hematocrit, hemoglobin, leukocyte count, platelet count (routine automated methods), and cortisol concentration (Amerlex Cortisol RIA, Amersham, United Kingdom). Twenty-four-hour urine collections were performed on control days 2 and 3 and treatment days 4 and 5 for measurement of electrolyte excretion and creatinine clearance.
Forearm Blood Flow Measurements After 2 and 5 Days of Treatment
This technique has been described in detail elsewhere. 16, 17 Briefly, subjects lay supine with their arms inclined at 30°to improve venous drainage. Wrist cuffs were applied and, during the recording period, were inflated to 200 to 220 mm Hg to exclude hand circulation from the measurements. Upper arm congesting cuffs, at the midhumerus level, were alternately inflated to 40 mm Hg and deflated during measurement. Multiple measures were taken over 3-minute periods and the slopes of the final five recordings averaged to determine the forearm blood flow. Forearm blood flow was derived as the ratio of flow in the infused arm to that of the control arm, expressed as the percentage change from baseline. This method allows for correction for nonspecific changes that arise during and between studies, and has been reviewed elsewhere. 16 Blood pres-sure was measured every 30 min in the noninfused arm (2-day study) or every 10 min in the right calf (5-day study) using a semiautomated oscillometric sphygmomanometer. A 27-gauge stainless steel sterile needle (Cooper's Needle Works, Birmingham, UK or Becton Dickinson and Company, Franklin Lakes, NJ) was introduced under 1% lignocaine anesthesia into a brachial artery at the level of the antecubital fossa. Patency was maintained by infusion of physiologic saline 0.9% (Baxter Healthcare Ltd., Toongabbie, Australia) at a rate of 1 mL/min. Forearm blood flow was allowed to stabilize during a 30-min run-in infusion of saline. Then, cumulative dose responses were measured with infusions at 1 mL/min of ACh (miochol 20 mg, CIBA Vision Ophthalmics, Castle Hill, Australia NSW) 3.75, 7.5, and 15 g/mL, and SNP (sodium nitroprusside for injection B.P. 50 mg, David Bull Laboratories, Mulgrave, Australia NSW) 0.3, 3, and 10 g/mL. The order of drug administration was randomized between subjects. Each infusion lasted 6 min and forearm blood flow measurements were taken in the last 3 min of each infusion. After each ACh and SNP infusion, there was an 18-min saline washout. After ACh and SNP, LNMMA (Clinalfa Switzerland) 1 mg/mL was infused at a rate of 1 mL/min for 6 min before ACh and again before SNP dose responses were repeated.
Statistical Analysis Data are reported as mean Ϯ SEM. Distribution of data was assessed by the Lillifor's test. Change in BP from the pooled control value (PC, mean of control days 1-3) over the treatment period was tested by repeated-measures analysis of variance, with significance accepted as P Ͻ .05, followed by Student t test when appropriate. Changes in metabolic parameters were tested by repeated-measures analysis of variance, where more than two measures were taken, or Student t test where there were two measurements. To detect differences in baseline forearm blood flow between treatment groups, we compared the baseline forearm blood flow in each limb between placebo and cortisol treatments by Student t test. To detect differences in forearm blood flow responses to vasodilators we compared the area under the curve (calculated by the trapezoidal rule) of the dose-response curve to each drug by Student t test.
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RESULTS
Hemodynamic and Metabolic Effects of 5 Days of Cortisol Treatment
There was no change in supine or erect systolic or diastolic BP with placebo treatment (Fig. 1) . Cortisol treatment increased supine systolic (P Ͻ .05) and erect systolic (P Ͻ .01) BP with no effect on diastolic BP in either position. There was no change in heart rate with either treatment.
Plasma cortisol concentration increased with cortisol treatment (387 Ϯ 30 to 849 Ϯ 54 nmol/L, P Ͻ .001, control to treatment day 5) and was unaffected by placebo (431 Ϯ 17 to 390 Ϯ 38 nmol/L). Cortisol treatment increased body weight (70.4 Ϯ 2.8 to 71.4 Ϯ 2.8 kg, P Ͻ .001), white cell count (5.1 Ϯ 0.3 to 7.7 Ϯ 0.7 ‫ء‬ 10 9 /L, P Ͻ .01), absolute neutrophil count (2.7 Ϯ 0.3 to 5.4 Ϯ 0.6 ‫ء‬ 10 9 /L, P Ͻ .01), platelet count (220 Ϯ 11 to 244 Ϯ 10 ‫ء‬ 10 9 /L, P Ͻ .01), and serum glucose (5.9 Ϯ 0.5 to 6.8 Ϯ 0.6 mmol/L, P ϭ .05) and reduced eosinophil count (0.16 Ϯ 0.04 to 0.08 Ϯ 0.03 ‫ء‬ 10 9 /L, P Ͻ .01), as previously reported. 19 Placebo had no effect on these parameters. There were no changes in urinary sodium and potassium excretion, or serum sodium, potassium, albumin, cholesterol or triglyceride concentrations with either treatment.
Forearm Blood Flow After 2 and 5 Days of Cortisol
Baseline forearm blood flow was not affected by cortisol or by LNMMA at 2 or 5 days (Tables 1, and 2 ). Cholinergic vasodilatation (Fig. 2a and b) was impaired after cortisol administration, reaching statistical significance at 5 days. Cortisol did not affect responses to SNP. N G -monomethyl-l-arginine inhibited cholinergic vasodilatation in placebo-treated groups, but had no additional effect in the presence of cortisol (Fig. 2a and b) .
DISCUSSION
These studies show that cortisol inhibited cholinergic vasodilatation in the human forearm circulation. This was only a trend after 2 days of cortisol administration but was more apparent after 5 days of cortisol administration. The effect of cortisol on cholinergic dilatation involves inhibition of NO synthesis (NOS) rather than sensitivity to NO, as cortisol abolished the incremental effect of LNMMA both at 2 and 5 days and responses to SNP were not different.
Cholinergic dilatation is mediated, at least in part, by endothelial NOS. In vitro, glucocorticoids do not influence endothelial NOS expression, although they do inhibit inducible NOS. 20 We infer that the effect of cortisol on cholinergic dilatation may be dependent on inhibited endothelial NOS; however, indirect mechanisms (eg, altered prostanoid synthesis) cannot be excluded. Prostanoids do not contribute directly to forearm cholinergic dilatation in health 21 ; however, there is evidence for interactions between prostacyclin and NOS activity in vitro and in other vascular beds. 22, 23 Glucocorticoids are known to inhibit prostacyclin production 24 ; however, we have previously demonstrated that coadministration of indomethacin does not alter pressor responsiveness in cortisol subjects.
14 Alternatively, the effect on cholinergic dilatation may be an indirect effect of altered sensitivity to norepinephrine or angiotensin II, both of which are affected by glucocorticoids 10, 13 and have actions on endothelium as well as vascular smooth muscle. Finally, glucocorticoids may reduce endothelial NO production by mechanisms other than NOS inhibition. Glucocorticoids have been demonstrated to inhibit synthesis of tetrahydrobiopterin, which is a necessary cofactor for maximal activity of all NOS isoforms.
24,25
N G -monomethyl-l-arginine has previously been shown to reduce basal forearm blood flow, in doses similar to that used in our study. 17 The failure of LNMMA to reduce basal forearm blood flow in the present study was probably a consequence of the brief duration of infusion of the drug before blood flow measurements were made (we measured basal forearm blood flow during the final 3 min of a 6-min infusion of LNMMA). Although there was a trend for vasodilatation to SNP to be reduced by LNMMA at 2 days, this nonsignificant effect was not altered by cortisol and may be explained by a coincidental fall in blood flow in the later part of the Edinburgh study (Table 1) .
These changes in vascular responsiveness occurred in the context of a small but significant increase in BP during 5 days of cortisol treatment, accompanied by glucocorticoid (hyperglycemia, leukocytosis, and eosinopenia) and mineralocorticoid (increased body weight) effects consistent with those we have previously documented. 19 Placebo treatment did not change BP, plasma cortisol concentrations, or other metabolic parameters. The effect of cortisol on cholinergic vasodilatation was more obvious at day 5 than at day 2, suggesting that there is progressive impairment in endothelial function after BP has started to rise. The studies on day 2 and day 5 were not strictly comparable, however, because there were differences in statistical power (n ϭ 6 v n ϭ 8) and subject characteristics (ie, the 2-day study included smokers, who, on the evidence of impaired cholinergic dilatation in Fig. 2 , had relative endothelial dysfunction). Endothelial dysfunction may complicate hypertension, 26 though this effect has not been universally reported. 27 It is possible that the observed endothelial dysfunction was secondary to hypertension. However, the rise in BP was small (Ϸ6 mm Hg systolic) and occurred over days, in contrast to patients with essential hypertension in whom BP elevation is usually greater and in whom structural vascular wall changes occur over a prolonged period. The increase in serum glucose during cortisol treatment may have contributed to endothelial dysfunction, as acute hyperglycemia has been shown to impair endothelial-dependent vasodilation in healthy humans. 28 These data support the hypothesis that impaired endothelium-dependent dilatation is important in glucocorticoid-induced hypertension, as suggested by our recent human and animal observations. Plasma nitrate/nitrite concentrations are reduced in cortisoltreated human males. 29 In the Sprague Dawley rat, l-arginine supplementation prevents ACTH-induced hypertension. 15 No matter whether the effect of cortisol is direct or indirect, these data also raise the possibility that enhanced vascular action of glucocorticoids may contribute to endothelial dysfunction and to the pathophysiology of essential hypertension. 
